Dense suspensions of swimming bacteria are living fluids, an archetype of active matter. For example, Bacillus subtilis confined within a disc-shaped region forms a persistent stable vortex that counterrotates at the periphery. Here, we examined Escherichia coli under similar confinement and found that these bacteria, instead, form microspin cycles: a single vortex that periodically reverses direction on time scales of seconds. Using experimental perturbations of the confinement geometry, medium viscosity, bacterial length, density, and chemotaxis pathway, we show that morphological alterations of the bacteria transition a stable vortex into a periodically reversing one. We develop a mathematical model based on single-cell biophysics that quantitatively recreates the dynamics of these vortices and predicts that density gradients power the reversals. Our results define how microbial physics drives the active behavior of dense bacterial suspensions and may allow one to engineer novel micromixers for biomedical and other microfluidic applications.
INTRODUCTION
Dynamic, biologic systems are often driven by organized forces produced by small constituent molecules or cells. For example, the motion of a neutrophil tracking down a pathogen is powered by directed actin polymerization and myosin contraction (1) (2) (3) . Likewise, the movements of single cells are marshalled together during morphogenesis to properly form an organism (4) (5) (6) . It has become common to call such systems active matter (7, 8) . A simple model system for studying active matter is a dense suspension of swimming bacteria, where the forces that drive single-cell movements coordinate to generate large-scale fluid flows that lead to complex, and sometimes turbulent, motions (9) (10) (11) (12) (13) (14) . Theoretical investigations into the behavior of active matter have produced semiquantitative agreement with some experiments (7, 8, 13) ; however, we are still only beginning to grasp the range of behaviors possible from even these relatively simple active systems.
Because the internal components of an active system produce force, the system as a whole can spontaneously produce persistent motion without external driving forces. An illustrative example of this effect is seen when dense suspensions of Bacillus subtilis (volume fraction > 0.4) are confined in micrometer-scale disc-shaped droplets (15) . For droplets with diameters between 30 and 70 mm, the bacteria coordinate and flow, creating a single, stable vortex that counterrotates at the periphery (15) . This stable vortical flow is driven by the forces that the bacteria exert on the surrounding fluid (16) .
RESULTS

Bacterial microspin cycles
Using a similar experimental assay to that used previously for B. subtilis, we examined the dynamics of confined suspensions of Escherichia coli (Fig. 1A ). E. coli and B. subtilis are both rod-shaped bacteria that swim using multiple rotating external flagella (17) . Under standard growth conditions (see Materials and Methods), E. coli has a length of 2.83 ± 0.05 mm and a diameter of 1.10 ± 0.01 mm, which is slightly smaller than B. subtilis, which has a length of 4.29 ± 0.04 mm and a diameter of 1.70 ± 0.01 mm. The swimming speeds of E. coli and B. subtilis are also comparable [15 to 25 mm/s (17) ]. Therefore, it would seem reasonable that the confined dynamics of these bacteria would be similar. Unexpectedly, though, we found that dense suspensions of confined E. coli (volume fraction,~0.56) moved as a periodically oscillating single vortex that changed its direction of rotation approximately every 2 to 4 s ( Fig. 1B and movie S1). These periodically reversing motions were found in droplets ranging in size from 20 to 90 mm in diameter. In a given droplet, the period that the vortices switched direction was very regular and, during rotation in a given direction, counterrotation near the periphery was not observed. To quantify the periodicity of the motion, we defined an order parameter for the motion within the droplet as the average of the azimuthal component of the velocity divided by the average magnitude of the velocity, with clockwise flow being defined as positive and counterclockwise flow as negative. The order parameter showed an approximately square wave-like variation in time (Fig. 1C) . We also found that the average velocity in the droplet varied periodically at twice the frequency of the order parameter (Fig. 1D) . These confined suspensions of bacteria are reminiscent of the spin cycle on a laundry machine, incessantly oscillating between clockwise and counterclockwise motion.
A two-phase continuum model for collective bacterial dynamics This result raises a number of interesting questions. Why do some bacterial suspensions create vortices with oscillating handedness, while others produce stable flow configurations? What sets the period that the vortices switch direction? While some simulations and active fluid models have reproduced stable vortices in confined bacterial suspensions (15, 16, 18) and examined other dynamics that result from confinement (19, 20) , can any current models explain dynamically switching vortices?
To answer these questions, we began by addressing whether a revised version of our two-phase model for collective bacterial swimming (21) was sufficient to explain the periodic flipping observed in E. coli droplets. This model considers small volumes of fluid that are large compared to the size of an individual bacterium but smaller than the characteristic length scales of the fluid flows. Averaging over these small regions, the bacterial density is defined by a volume fraction, f, and the average bacterial velocity is v b . The fluid moves independently with average velocity v f . The bacteria interact with the fluid through the forces generated by the rotating flagella (of magnitude F 0 ), which propel the bacteria at a free-swimming speed of V 0 , and resistive drag on the cell body that is proportional to the velocity difference between the fluid and bacteria with resistive drag coefficient z 0 ( Fig. 2A) . These forces are exerted over the length of each bacterium and lead to a net dipole distributed stress on the fluid, with the volume fraction weighted dipole denoted byD (Fig. 2B) . Averaging over the orientations of the bacteria, a, leads to a closed system of equations defining the dynamics of this system (see the Supplementary Materials for details) Volume fraction dynamics ∂f ∂t ¼ À∇⋅ðfv b Þ Force balance on the bacterial phase
Force balance on the fluid phase
Torque from velocity gradients
Conservation of volume
Here, D is an effective diffusion coefficient for the bacteria and b is the dipole length scale, which is approximately equal to the length of the bacterium. The viscosities of the fluid and bacterial phases are h f and h b , respectively. Alignment of the bacteria is driven by random motions, with a diffusion coefficient D y and a local, volume fraction-dependent strength g(f,a) (Fig. 2C) , and there is a torque t that comes from fluid velocity gradients (Fig. 2D) .
We found that, for parameters that were appropriate for the morphology and swimming dynamics of E. coli (table S1), the model naturally gave rise to periodic reversal of vorticity in simulations that spanned droplets of 30 to 80 mm in diameter (movie S2). The model showed that reversals begin at the edge of the droplet with a small opposite-directed vortex. This counterrotating vortex then sweeps across the droplet until the opposite-directed vortex fills the entire region. Similar behavior is seen in the experiments (movie S1) and is apparent in the second and fourth panels of Figs. 1B and 2E. The dynamics of the order parameter and the average velocity in the droplet matched the basic temporal dynamics observed in the experiments (Fig. 2, F and G) .
Confined dynamics has multiple stable states
While the quantitative comparison between the model and experiments provides strong evidence that the relevant physics is accounted for by the mathematical model, it remained unclear what aspect of the physics was controlling the periodic flipping. To unravel these factors, we quantified the flow fields of E. coli droplets using optical flow velocimetry (22) . Analysis of more than 200 different droplets revealed four distinct motions: E. coli-like (a single vortex that periodically switched directions), B. subtilis-like (time-independent vortices with a counterrotating boundary), a stable single vortex, and sporadic motion that did not fall into the other three categories ( fig. S1 ). We then computed the probability for each of these types of motion and used this value as a means for comparing how different parameters, such as cell length, medium viscosity, and volume fraction, affected the behavior of the confined bacteria.
Using wild-type (WT) E. coli under standard conditions, we observed periodic flipping in~70% of the droplets. A smaller fraction of droplets showed either random motions (24%) or a stable single vortex (6%). We never observed the stable counterrotating vortices that are observed in B. subtilis (15) . The probability of observing these states was only weakly dependent on droplet size ( fig. S2 ). We observed periodic reversals and random motions in all droplets in the range from 20 to 90 mm in diameter but only observed the stable single vortices in smaller droplets (20 to 45 mm). Droplet diameter did not have any observable effect on the period of the periodically reversing flows.
That droplets under similar conditions show multiple distinct behaviors (periodic reversals, stable vortices, or random motion) suggests that there are multiple stable states of the system. To test whether our mathematical model showed similar behavior, we started simulations with 10 different random initial conditions for the cellular orientation field, leaving all other parameters the same. We found that, in 60% of the simulations, periodic reversals resulted, while a single constant vortex was observed the other 40% of the time (movie S2). While the mathematical model did not lead to random motions, it does show that the model naturally includes bistability reminiscent of what is observed experimentally.
Bacterial length controls the ability to form microspin cycles Because cell body length is perhaps the most notable physical difference between B. subtilis and E. coli, we used the b-lactam antibiotic cephalexin to probe the effects of body length on the fluid flows produced by confined E. coli. By blocking cell division, cephalexin produces long filamentous cells (23, 24) , and incubation time can be used to controllably modulate cell length up to 7.1 mm. The probability of a given flow pattern was quantified in droplets for bacteria with six different lengths (Fig. 3A) . B. subtilis-like flow in E. coli droplets emerged for lengths greater than 2.8 mm and predominated at large cell body lengths (Fig. 3, A and B) . For these stable vortical flows, we found that the velocity has a maximum at a specific radial position and that this peak increases and shifts as cell length is increased (Fig. 3C) . However, while body length affected the ability of E. coli to periodically reverse direction, it did not affect the periodicity: The half-period of reversals was unaffected by cell body length (Fig. 3D ). This suggests that longer cells sterically hinder each other from flipping around but that cell length does not directly influence the rate of flipping.
To account for bacterial length effects in the model, we assumed that a number of parameters were proportional to the length, specifically, the dipole length scale, the effective viscosity of the bacterial phase, and the strength of the diffusion-driven alignment term. Varying the length of the bacteria in the simulations correctly predicted a very weak dependence of the half-period on bacterial length (~10% variation for lengths between 2.5 and 7.0 mm; fig. S3 ). The model did not show a complete loss of reversals at lengths greater than 6.0 mm as we observed experimentally, but it did show a maximum reversal probability for bacteria of length 4.0 mm (fig. S3 ). The model also showed moderate differences in the average velocity with bacterial length. In stable vortices, the velocity increased with length, whereas for periodic reversing droplets the average velocity decreased with length ( fig. S3 ).
Run-and-tumble behavior does not affect microspin cycle dynamics
We also studied the requirement for tumbling. While E. coli and B. subtilis cells tumble approximately every 3 s, individual E. coli cells are more likely to tumble than B. subtilis (17) . We, therefore, examined the nontumbling, chemotaxis-gutted E. coli strain RBB1050 (25) and found that it still produced periodic fluid flows with a comparable period to the WT cells (half-period, T 1/2 = 4.6 ± 2 s) ( fig. S4 ), thereby ruling out tumbling as a requirement for periodic flow.
Viscosity and volume fraction affect the likelihood of flow reversal Other parameters were found to affect the likelihood of periodic reversals in dense E. coli droplets, such as medium viscosity and bacterial volume fraction. The fraction of periodic droplets was maximum when the bacterial volume fraction was 0.56 ( fig. S5 ). Increasing medium viscosity reduced the fraction of periodic flows, and 10% Ficoll led to full extinction of periodic droplets ( fig. S6 ). However, neither of these parameters altered the frequency of reversal (Fig. 3, E and F) .
What then sets the reversal frequency?
We hypothesized that the time scale defined by the ratio of droplet diameter to velocity may contribute to the value of T 1/2 , as it is comparable to our measured half-periods, because the average maximum flow velocity was~25 mm/s for WT droplets with diameters of~20 mm. In addition, because the maximum velocity in the droplets is proportional to the droplet diameter and independent of the volume fraction (Fig. 4, A and B) , we would expect the half-period to be independent of these parameters, as observed. One way to modify the collective speed of the bacteria in the droplets is to alter the swimming speed of the individual cells. We found that bacteria in late log phase swim substantially slower than those at mid-log phase. By selecting bacteria from different phases in growth, we were able to adjust swimming speeds from 6 to 13 mm/s (fig. S7 ). Consistent with our hypothesized scaling, we found that the half-period varied inversely to the cell velocity (Fig. 4B) . Cell velocity did not strongly affect the probabilities of observing reversals ( fig. S2B ).
Density gradients drive reversals
While the swimming speed of individual cells affects the period of the oscillations, it remained unclear what physical mechanism drives the reversals. In our simulations, we found that random initial conditions that produced periodic reversals also had an asymmetric density distribution of bacteria within the droplet, whereas initial conditions that led to stable vortical motion had an azimuthally symmetric density distribution (Fig. 4, C and D) . To test whether this same distribution is observed experimentally, we used the membrane dye FM 4-64 to fluorescently stain the bacteria and observed asymmetric fluorescence in droplets that showed reversals, while droplets with random motion or stable vortices had symmetric fluorescence intensity with a peak in fluorescence at the edge of the droplet (Fig. 4, E and F, and movie S5) . Therefore, the density gradient is likely the driving force for creating these periodic reversals, which is consistent with the proposal that random motion of the bacteria leads to an effective torque when the bacterial orientation is perpendicular to the gradient of the density (21) .
DISCUSSION
Here, we have shown that dense suspensions of E. coli produce notable periodic reversals when confined in small regions. Using an exhaustive array of experiments, we varied key parameters in the system to determine what physics drives these reversals, especially considering that B. subtilis does not show this behavior. We found that cell length is a dominant factor in controlling the propensity for periodic flows but has little to no effect on the reversal frequency. Because cell length does not affect the reversal frequency, this result suggests that cell length may not be a driving factor in producing the reversals, but rather, because longer cells are harder to rotate and more likely to collide with one another in a dense, locally aligned suspension, cells with longer lengths may just prevent each other from being able to reverse direction. Average cell swimming speed, on the other hand, was the only control parameter that altered frequency, which suggests that the frequency is proportional to the single-cell speed divided by the diameter of the droplet. Notably, the observed flows are apparently multistable: Under similar conditions, we observed different types of flows in a droplet, periodically reversing, stable vortices, or random motions. Our two-phase mathematical model for collective motion of bacteria showed quantitative agreement with our experiments and also suggests a mechanism for the multistable behavior. Specifically, the multistable behavior is dependent on establishing an asymmetric density gradient across the droplet.
The results presented here provide new insights into the behavior and physics of active systems. We have shown that subtle changes in the physical properties of a dense suspension of swimming bacteria can lead to major qualitative changes in the dynamics of the system. While at face value this finding would seem to suggest that even simple active systems are substantially complex, we found that a model that encompasses the basic physical aspects of this system is predictive for how minor geometrical differences switch a stable vortex of confined bacteria into one that periodically oscillates. This work is then suggestive that active suspensions can be designed to achieve specific tasks. One such application of the work presented here is in the field of micromixing, which is currently an active area of microfluidic design for a range of biomedical and other microfluidic applications, such as polymerization, DNA analysis, enzyme screening, and the detection and analysis of chemical or biochemical content (26) (27) (28) . Chemical transport and reactions that occur in microvolumes typically rely on slow diffusive processes. Passive or active mixing accelerates these processes by bringing soluble chemicals together more rapidly than pure diffusion. The modeling and experiments that we describe here can provide a means to custom design active matter systems to produce micromixers that meet specific protocol requirements.
MATERIALS AND METHODS
Cell culture WT strain MG1655 was grown in standard Terrific Broth (TB; Sigma) at 37°C and shaken at 200 rpm. An overnight culture was started from a frozen glycerol stock and was diluted 200× and grown for 5 hours until late-exponential phase [optical density at 600 nm (OD 600 ) of 0.6 ± 0.05].
Chemotaxis-gutted E. coli mutant RBB1050 (gift of R. Bourret, University of North Carolina) was grown in standard Tryptone Broth (TrB) supplemented with streptomycin (50 mg/ml; Sigma) for selection and shaken at 200 rpm. An overnight culture was grown from a frozen glycerol stock derived from a clonal population of nonchemotactic cells and was diluted 200× and grown for 6 hours to late-exponential phase (OD 600 of 0.4 ± 0.05).
To alter the average length of the E. coli cells, cephalexin (60 mg/ml) was added during the last 20 min to 2 hours of growth. To compute the average cell length for a given incubation time in cephalexin, still images were acquired using DIC microscopy and a 63×/1.4 numerical aperture (NA) objective at low cell densities. Using the image analysis software ImageJ (29), we measured the length of 200 to 400 individual cells for each cephalexin condition.
To alter the viscosity of the bacterial medium, a 20% stock solution of Ficoll PM-400 (Sigma) was prepared in TB by slowly dissolving 10 g of Ficoll powder in TB until reaching a final volume of 50 ml. This solution was filter sterilized and diluted with sterile TB to produce homogeneous solutions of the desired concentrations (5 to 10%). Solutions were stored at 4°C until time of imaging.
A quantity of 10 ml of stock solution was added to a No. 2 size Gilmont falling ball viscometer (Thermo Fisher Scientific, Waltham, MA) as per the manufacturer's instructions. A glass bead was used for lower viscosity solutions (2 to 20 cP), and a stainless steel bead was used for higher viscosities (10 to 100 cP). The time required for the bead to drop a fixed distance was recorded. Three trials were performed for each sample, and the average time, t, was used to calculate the viscosity, m, as per the following formula
where K is a constant, r c is the density of the bead, and r is the density of the solution. The drop time for the bead in water, which was assumed to have a viscosity of 1 cP, was used to determine the value of K. The same method was used to measure the viscosity of TB without Ficoll. We found that TB has a viscosity comparable to water.
Slide preparation
Slides were prepared following the procedure described in (15) . Five milliliters of cell culture was centrifuged for 10 min at 2000g. Medium was poured from the tube, and the pellet was dried. The pellet was then gently resuspended (carefully avoiding scratching the pellet with the pipette tip) in TB, TB-Ficoll stock, or TrB. D-Mannose (RPI Corp.) was added to TrB for RBB1050 resuspension medium at a final concentration of 0.2% to prevent bacteria from clumping together. The volume of medium used to resuspend the pellet ranged from 0 to 50 ml to modulate volume filling fractions from 0.85 to 0.41. Twenty-five microliters of volume fraction-adjusted culture was transferred to a 1.5-ml microcentrifuge tube. An emulsion was created by pipetting and mixing the culture with 100 ml of mineral oil (Sigma) containing diphytanoyl phosphatidylcholine (DiPhyPC; 10 mg/ml; Avanti) to prevent droplets from coalescing. The microcentrifuge tube was then rolled, upright, between thumb and forefinger for~10 s to create a gradient in droplet size across the height of the tube. Fifteen microliters of emulsion was pipetted from the top of the tube, to select for small droplets, and was sandwiched between two coverslips. Coverslips were rendered hydrophobic with silane (Sigma)~1 hour before imaging to create droplets that were widest equidistant from the coverslips. This method produced many pancake-shaped droplets with heights of approximately 25 mm and diameters from 10 to 200 mm.
Because oxygen consumption by the bacteria limits the amount of time droplets remain motile (15) , the time between all steps of slide preparation was minimized and monitored carefully. Setting time = 0 at the completion of centrifugation, the pellet was dried and resuspended until time = 60 s. Emulsion pipetting then lasted until time = 120 s. Slides were plated and rushed to the prepared microscope to be imaged immediately.
Volume fraction, f, was calculated as per the following formula
where f 0 is the volume fraction of the pellet, V 0 is the pellet volume, and d is the volume of fluid in which the pellet was resuspended. Using the maximum packing density of circles, 0.9, to set an upper limit to our estimate, we estimated the value of f 0 to be 0.85. Using a pipette, V 0 was measured for three E. coli and three B. subtilis cultures. V 0 for B. subtilis was 56 ±14 ml and for E. coli was 47± 2 ml. Volume fraction was then modulated by changing d during slide preparation.
Microscopy and image processing
All movies were acquired at 32 frames per second (fps) on a Zeiss Axio Observer inverted microscope equipped with a Hamamatsu ORCA-Flash4.0 CMOS camera. Movies were captured with a 63× oil immersion objective (1.4 NA), focused equidistant from coverslips. All movies were either DIC or wide-field fluorescence using Zeiss Filter Set 43 (HE DsRed). Slides were discarded after 3 min on the microscope (5.5 min after centrifugation ends), before oxygen consumption led to oxygen gradient formation and altered cell motility.
In general, video microscopy images were acquired for 30 s. These images were used to determine the probability that the bacteria would undergo periodic reversals and to determine the characteristics of the velocity fields, such as maximum velocity, average velocity, and the velocity as a function of radial position. For conditions where periodic reversals were not observed (i.e., cephalexin-treated cells that were longer than 6 mm), some 10-s videos were used to quantify the flow characteristics.
Droplet velocity fields were calculated by defining the region of interest about a droplet using a custom MATLAB algorithm to threshold a given droplet region in each frame of a time-lapse movie. This sequence of binary masks was then used along with a gradient-based optical flow method (22) to determine the velocity fields. The velocity fields were validated by simulating the motion of virtual tracer particles in the computed flow, as described in (22) .
Flow patterns in the droplets were classified using the dynamics of the order parameter y as a metric ( fig. S1 ). Plots of y versus time that showed periodicity (which was almost always a square wave shape) were classified as periodic reversals. When the magnitude of y was >0.5 for the length of the movie and did not change sign, the droplet was classified as a stable vortex. These droplets were further classified as either a single stable vortex or a counterrotating vortex based on whether or not the optical flow-extracted velocity fields had counter flow at the edge of the droplet. All droplets that were not classified as any of these patterns were categorized as showing random motion.
The half-period (T 1/2 ) was measured by hand using the order parameter versus time plots. These plots were opened in ImageJ (29) , and the time it took to go from one handedness of flow (e.g., counterclockwise) to the other (e.g., clockwise) was measured for each transition. The half-period was defined as the average value of these measurements.
Bacterial density measurements
Cultures were stained with 4 mM FM 4-64 (Life Technologies) for 20 min and were then centrifuged and pelleted as above. After removal of the supernatant, the bacteria were resuspended in 25 ml of TB. Droplets were created by pipetting and mixing the culture with 100 ml of mineral oil with DiPhyPC and were sandwiched between silane-coated coverslips. For each droplet, a 10-s DIC movie was captured, immediately followed by a 10-s epifluorescence movie. Each of these movies was acquired at a rate of 16 fps with 2 × 2 binning.
Average fluorescence intensity was determined within droplets using the ImageJ Z-project tool to average the intensity over a specific length of time (typically 1 s). To confirm asymmetry in the intensity distribution, the plot profile tool was used to measure the intensity across two perpendicular cuts through each averaged fluorescent image.
Single-cell velocities E. coli was grown for 5 to 7 hours, centrifuged, and resuspended in TB at low volume fraction before being plated in tunnel slides constructed using two layers of double-sided tape as spacers between slide and coverslip. Ten-second DIC movies were taken as described above. Individual cells were identified in our images using nonnegative mixed-norm preconditioning (30) to threshold the images. The resulting binary images were then used to track the center of mass for individual cells, and the instantaneous velocity was computed as the difference in center of mass position between successive frames. The instantaneous velocity was then averaged for each cell individually.
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